TGN38 is a type I integral membrane protein that constitutively cycles between the trans-Golgi network (TGN) and plasma membrane. The cytosolic domain of TGN38 interacts with AP2 clathrin adaptor complexes via the tyrosine-containing motif (-SDYQRL-) to direct internalization from the plasma membrane. This motif has previously been shown to direct both internalization and subsequent TGN targeting of TGN38. We have used the cytosolic domain of TGN38 in a two-hybrid screen, and we have identified the brain-specific F-actin binding protein neurabin-I as a TGN38-binding protein. We demonstrate a direct interaction between TGN38 and the ubiquitous homologue of neurabin-I, neurabin-II (also called spinophilin). We have used a combination of yeast two-hybrid and in vitro protein interaction assays to show that this interaction is dependent on the serine (but not tyrosine) residue of the known TGN38 trafficking motif. We show that TGN38 interacts with the coiled coil region of neurabin in vitro and binds preferentially with the dimeric form of neurabin. TGN38 and neurabin also interact in vivo as demonstrated by coimmunoprecipitation from stably transfected PC12 cells. These data suggest that neurabin provides a direct physical link between TGN38-containing membranes and the actin cytoskeleton.
TGN38 is a type I integral membrane protein that constitutively cycles between the trans-Golgi network (TGN) and plasma membrane. The cytosolic domain of TGN38 interacts with AP2 clathrin adaptor complexes via the tyrosine-containing motif (-SDYQRL-) to direct internalization from the plasma membrane. This motif has previously been shown to direct both internalization and subsequent TGN targeting of TGN38. We have used the cytosolic domain of TGN38 in a two-hybrid screen, and we have identified the brain-specific F-actin binding protein neurabin-I as a TGN38-binding protein. We demonstrate a direct interaction between TGN38 and the ubiquitous homologue of neurabin-I, neurabin-II (also called spinophilin). We have used a combination of yeast two-hybrid and in vitro protein interaction assays to show that this interaction is dependent on the serine (but not tyrosine) residue of the known TGN38 trafficking motif. We show that TGN38 interacts with the coiled coil region of neurabin in vitro and binds preferentially with the dimeric form of neurabin. TGN38 and neurabin also interact in vivo as demonstrated by coimmunoprecipitation from stably transfected PC12 cells. These data suggest that neurabin provides a direct physical link between TGN38-containing membranes and the actin cytoskeleton.
Many membrane proteins undergo complex trafficking itineraries within eukaryotic cells, cycling between intracellular compartments and the plasma membrane during such processes as nutrient uptake, biosynthetic protein sorting, intracellular signaling, and cell movement. In recent years, considerable efforts have been made to identify the individual components of these processes. Despite rapid progress in identifying the molecular components of the endocytic machinery (1), components of endoplasmic reticulum-to-Golgi transport pathways (2) , and components of the exocytic machinery (3), little is known about the molecular machinery involved in post-TGN 1 protein trafficking. The type I membrane protein, TGN38, cycles between the TGN and cell surface via endosomal intermediates (4 -7) . Internalization from the plasma membrane and subsequent traffic back to the TGN is directed by the motif -SDYQRLwithin the cytosolic domain of the protein (6, 8 -10) . We and others (11, 12) have shown that this protein is internalized from the plasma membrane in a clathrin-dependent manner through direct interaction with the 2 subunit of the clathrin adaptor complex, AP2. Biochemical data have been obtained showing that formation of secretory vesicles at the TGN requires a protein complex that coimmunoprecipitates with TGN38 (13) . This complex consists of a 62-kDa subunit with homology to phosphatidylinositol 3-kinase regulatory subunits and a 25-kDa GTPase in addition to TGN38 (13, 14) . The small GTPase has been suggested to be Rab6 (13) , but cDNA clones encoding p62 and this small GTPase have yet to be isolated.
Other protein complexes that function at a post-TGN level have also been identified. A considerable amount of data has been gathered regarding the role of a number of vacuolar protein sorting mutants in yeast. This work has led to the identification of a complex of proteins, conserved in higher eukaryotes, that is involved in endosome to Golgi transport (15, 16) . Many individual components of trafficking pathways have also been identified from yeast two-hybrid screens using integral membrane protein cytosolic domains as bait. Examples include the identification of TIP47, which binds a specific motif within the cytosolic domain of the cation-independent mannose 6-phosphate receptor directing traffic from endosomes to the TGN (17) , and P-CIP-1 (18) , which mediates the endosomal trafficking of peptidylglycine ␣-amidating monooxygenase. The endoprotease furin has also been successfully used to identify novel components of the post-TGN sorting machinery. Twohybrid screens of cDNA libraries using the cytosolic domain of furin as bait led to the identification of both PACS-1 (19) and the actin-binding protein ABP-280 (20) as molecules involved in trafficking of furin.
We chose to use the cytosolic domain of TGN38 to screen a two-hybrid library to identify interacting proteins, particularly those that may be involved in post-TGN membrane traffic. By using this approach we have identified a direct interaction between TGN38 and the brain-specific F-actin binding protein neurabin-I. We show that TGN38 also interacts directly with the ubiquitously expressed isoform of neurabin-I, neurabin-II (also known as spinophilin). These interactions are highly specific to TGN38 and can be abolished by a point mutation of a serine residue within the cytosolic domain of TGN38. TGN38 preferentially binds to the dimeric form of neurabin-I in vitro. The two proteins can also be coimmunoprecipitated from PC12 cells stably transfected with expression constructs encoding GFP-tagged neurabin-I or -II. These data suggest that neurabin provides a direct link between TGN38-containing membranes and the actin cytoskeleton.
EXPERIMENTAL PROCEDURES All reagents were purchased from Sigma unless otherwise stated. DNA restriction and modifying enzymes were from Roche Molecular Biochemicals.
Yeast Two-hybrid Screen-The entire 33-amino acid cytosolic domain of TGN38 was cloned into the two-hybrid bait vector pBTM116 (21) to generate pBTM-TGN38 (12) . This plasmid was then transformed into yeast strain L40 (21) as described previously (12 NaOH, 2% glucose) supplemented with 0.1 g⅐liter Ϫ1 adenine, arginine, cysteine, threonine, and leucine and 0.05 g⅐liter Ϫ1 aspartate, isoleucine, methionine, phenylalanine, proline, serine, tyrosine, and valine (i.e. lacking tryptophan, uracil, histidine, and lysine). This was then used to inoculate a 100-ml culture of the same medium that was then grown overnight and used to inoculate a 1000-ml culture of YPAD (YEPD (20 g⅐liter Ϫ1 peptone, 10 g⅐liter Ϫ1 yeast extract, pH 5.8, 2% glucose) with 40 g⅐ml Ϫ1 adenine) that had been prewarmed to 30°C. Cells were grown for 3 h, pelleted, washed in 500 ml of 1ϫ TE (10 mM Tris⅐HCl, pH 7.5, 1 mM EDTA), and finally resuspended in 20 ml of 0.5ϫ TE (5 mM Tris⅐HCl, pH 7.5, 0.5 mM EDTA) containing 100 mM lithium acetate. To this, 1.0 ml of 10 mg⅐ml Ϫ1 denatured and sheared salmon sperm DNA was added with 0.5 mg of library plasmid DNA (a rat brain cDNA library (kindly provided by Dr. Jeremy Henley, University of Bristol) consisting of both random-primed and oligo(dT)-primed cDNA from RNA of 100 pooled rat brains from 10-to 12-week-old Harlan SpragueDawley males, representing approximately 2,000,000 independent clones (CLONTECH, Basingstoke, UK)). After mixing, 140 ml of 1ϫ TE containing 100 mM lithium acetate and 40% polyethylene glycol 3350 were added. This was thoroughly mixed and placed at 30°C for 30 min, transferred to a sterile 2-liter beaker, and 17.6 ml of dimethyl sulfoxide added. This was then heat-shocked for 6 min at 42°C with occasional mixing. Cells were then washed in a further 500 ml of 1ϫ TE and resuspended in 1000 ml of YEPD. After a 1-h incubation at 30°C with gentle mixing, the cells were washed in synthetic medium (Yc), lacking leucine, tryptophan, lysine, and uracil, before incubating overnight in 100 ml of the same. Cells were finally washed twice in 1ϫ TE and resuspended in 10 ml of 1ϫ TE before plating on selection medium (Yc containing 20 g⅐liter Ϫ1 agar, lacking tryptophan, leucine, histidine, lysine, and uracil). The entire transformation was split evenly between eight 22 ϫ 22-cm square Petri dishes. Aliquots were also plated to determine transformation efficiency onto plates lacking leucine, lysine, tryptophan, and uracil. After 8 days growth at 30°C, colonies were picked to duplicate plates with or without histidine and assayed as described in the Yeast Protocols Handbook (CLONTECH, Basingstoke, UK). Colonies that were scored double-positive for both histidine selection and ␤-galactosidase were amplified in liquid culture, plasmid DNAextracted, and library plasmids isolated by transformation into HB101 Escherichia coli. Plasmids were isolated by miniprep purification (Qiagen, Crawley, UK) and isolated library plasmids retransformed to L40 with the negative control plasmid, pLexA-Lamin. Those which were negative for interaction with lamin were analyzed as follows. Plasmids were sequenced using vector-specific primers (insert-screening amplimers, CLONTECH) using the DNA sequencing service within the Department of Biochemistry, University of Bristol. DNA sequences were used to search the non-redundant GenBank TM data base using the BLAST search algorithm available over the Internet from the European Bioinformatics Institute.
Plasmid Construction and Recombinant Protein Production-Plasmids containing full-length cDNAs of neurabin-I and neurabin-II were obtained from Professor Yoshimi Takai (ERATO Biotimer Project, Kobe, Japan) and Professor Paul Greengard (The Rockefeller University, New York). The PstI fragment of neurabin-I containing the majority of the coiled coil domain (amino acids 719 -1023) was subcloned to pRSETc (Invitrogen, Groningen, Netherlands) and expressed as a hexahistidine-tagged fusion protein in E. coli strain BLRDE3 (Novagen, Cambridge, UK) according to recommended protocols (Invitrogen). A fragment of neurabin-II (BamHI-EcoRI fragment containing amino acids 543-814) containing the majority of neurabin-II coiled coil regions was similarly expressed. A neurabin-II construct equivalent to the neurabin-I clone identified in the library screen (amino acids 483-817) was generated by PCR and cloned into pGAD10 (CLONTECH). Recombinant TGN38 cytosolic domain fusion proteins were generated as described previously (12) . Other TGN38 constructs used in this study have also been previously described (12, 22) . Other two-hybrid constructs were generated by PCR according to standard protocols.
The full coding sequence of neurabin-I was amplified by PCR and cloned into pEGFP-C1 (CLONTECH) according to standard protocols. The BglII restriction fragment of neurabin-II (amino acids 1-801, lacking the carboxyl-terminal 16 amino acids of neurabin-II) was subcloned to pEGFP-N3 (CLONTECH) generating an in-frame fusion with enhanced GFP (it was not found possible to amplify the full coding region of neurabin-II by PCR, presumably due to the high GC content of the 5Ј end of the cDNA).
Surface Plasmon Resonance Measurements-Histidine-tagged and GST-tagged recombinant fusion proteins were expressed in BLRDE3 E. coli (Novagen) and purified according to standard protocols using Talon resin (CLONTECH) or glutathione-Sepharose (Sigma), respectively. Surface plasmon resonance analyses were performed on a BIAcore 1000 biosensor using phosphate-buffered saline as running buffer. Manufacturer's recommended immobilization protocols for histidine-tagged and GST-tagged fusion proteins were followed. Data were aligned using BIAcore evaluation software and prepared for publication using Microsoft Excel (Microsoft, Reading, UK).
Far Western Blotting-Purified recombinant hexahistidine-tagged neurabin-I (coiled coil region) was separated by SDS-PAGE on an 8% gel, transferred to nitrocellulose (Schleicher & Schuell), and blocked overnight in TBS containing 0.05% Tween 20 with 10% dried skimmed milk (blocking buffer). The blot was then incubated with 50 g⅐ml Cell Culture, Transfection, and Cell Imaging-PC12 cells (Ref. 24 ; a kind gift of Dr. Frank Gunn-Moore, University of Bristol) were cultured on plastic dishes in Dulbecco's modified Eagle's medium containing 10% fetal calf serum, 5% horse serum, penicillin, and streptomycin. Cells were transfected using Lipofectin (Life Technologies Inc.) according to standard protocols. Stable cell lines were selected using 400 g⅐ml Ϫ1 G418 (Life Technologies Inc.) and maintained in 200 g⅐ml Ϫ1 G418. For all cell imaging applications, cells were grown on collagen-coated glass coverslips. Immunofluorescence staining was performed according to established protocols (described in Ref. 25 ). The following antibodies were used: monoclonal anti-TGN38, clone 2F7.1 (26, Affinity Bioreagents, Golden, CO), anti-mannosidase-II (clone 53FC3, see Refs. 27 and 28). Primary antibodies were detected by incubation with 1:1000 dilutions of either Alexa-488-or Alexa-594-conjugated anti-mouse or anti-rabbit secondary antibodies (Molecular Probes, Cambridge, UK). Rhodamine-conjugated phalloidin was kindly provided by Professor Jeremy Tavaré (University of Bristol).
Coimmunoprecipitation-Stably transfected PC12 cells expressing GFP-neurabin-II were grown to approximately 70% confluence in T75 culture flasks, lysed in RIPA-containing protease inhibitors as described previously (25) supplemented with 20 g⅐ml Ϫ1 latrunculin B (Calbiochem). Cleared supernatants were incubated with 2 l each of polyclonal anti-TGN38 antibodies, 1918 and G29 (29) , or 4 l of G29 preimmune serum, prebound to Gammabind (Amersham Pharmacia Biotech). After 2 h mixing at 4°C, immunoprecipitates were washed six times (5 min each) in RIPA supplemented with protease inhibitors as for cell lysis. After boiling in SDS sample buffer, samples were separated on 6% polyacrylamide gels, transferred to nitrocellulose, and probed with 1:2000 anti-GFP polyclonal antibody (CLONTECH). Blots were developed as described above. Binding was competed by including 30 or 100 M Trx-TGN38 (a fusion protein including the entire cytosolic domain of TGN38 (12)) as indicated.
RESULTS

Identification of Neurabin-I as a TGN38-binding Protein-
The entire cytosolic domain of TGN38 was used as bait in a screen of 6.5 ϫ 10 6 clones of a rat brain cDNA library. This represented greater than 3-fold redundancy since the library contained 2 ϫ 10 6 independent clones (see "Experimental Procedures"). 64 clones that showed positive interaction with TGN38 by both histidine autotrophy and expression of ␤-galactosidase activity were isolated. Of these 64 clones, three represented a partial clone of the F-actin binding protein, neurabin-I (30). These clones (numbers 11, 17, and 118) were identical, showing 100% identity to amino acids 488 -1095 of the pub-lished sequence of neurabin-I. This region of sequence includes the PSD-95/discs large/ZO-1 (PDZ) domain of neurabin-I as well as the entire carboxyl-terminal coiled coil region but is missing the amino-terminal actin binding domain. PDZ domains are known to interact with the extreme cytosolic domain of transmembrane receptors (31) . However, a PDZ domain containing construct of neurabin-I (amino acids 488 -718) showed no interaction with the cytosolic domain of TGN38 in our twohybrid system, leading us to the conclusion that the PDZ domain of neurabin-I does not bind to TGN38.
We also tested the ability of the full coding region of neurabin-I to interact with TGN38. Upon prolonged incubation in either growth or ␤-galactosidase assays, an interaction could be detected; the data showed that this interaction was significantly lower in affinity to that of the partial clone isolated from the library screen. We went on to characterize this interaction in more detail, screening library clone 118 against a number of TGN38 cytosolic domain constructs as well as a number of other receptor cytosolic domain constructs (all cloned as bait in pBTM116). Fig. 1 shows that as well as a strong positive interaction with the wild-type cytosolic domain of TGN38 (Fig.  1, B1) , clone 118 showed a positive interaction with TGN38 in which the last four amino acids (NLKL) had been deleted (Fig.  1, E1) . This further suggests that the interaction is not mediated through the PDZ domain of neurabin-I, since PDZ domains are believed to bind to the terminal residues of membrane protein cytosolic domains (31) .
Neurabin-I was found to interact with a TGN38 construct in which the critical tyrosine residue of the internalization motif was mutated to alanine (Y333A). Mutation of serine 331 of TGN38 to alanine (S331A, Fig. 1, C1 ) completely abolished binding of neurabin-I (clone 118, Fig. 1, D1) , an effect also seen for the interaction between TGN38 and the 2 subunit of the AP2 clathrin adaptor (12) . Together, these data suggest that neurabin and 2 may have distinct but overlapping binding sites on the TGN38 cytosolic domain. The S331A mutant protein is functionally expressed in this system, since it interacts with another clone we have isolated in a different library screen. 2 In addition we also see no interaction between TGN38 and neurabin-I in assays using TGN38 constructs in which serine 331 is mutated to aspartate (not shown). The specificity of interaction between TGN38 and neurabin-I is further demonstrated by the lack of detectable interaction in the twohybrid system of clone 118 with the cytosolic domains of CD63, TrkB, Lgp120, Simian immunodeficiency virus envelope, or the polymeric immunoglobulin receptor (Fig. 1, row 2) . A diagrammatic representation of the TGN38-neurabin interaction is shown in Fig. 2 .
Analysis of TGN38-Neurabin-II Interactions-Given the recent characterization of neurabin-II (spinophilin, Refs. 32 and 33), the ubiquitous homologue of neurabin-I, we decided to investigate the interaction of neurabin-II with TGN38. Owing to the weakly observed signal for interaction of TGN38 with the full coding sequence of neurabin-I in the two-hybrid system (which we also observed for neurabin-II (not shown)), we generated a neurabin-II clone that precisely corresponded to the neurabin-I clone isolated from the library screen (neurabin-II amino acids 483-817) and tested this truncated neurabin-II construct for interaction with the same panel of receptor cytosolic domain constructs described above. The results are shown in Fig. 1 (rows 3 and 4) . Exactly the same pattern of interactions is observed for neurabin-II as was seen for neurabin-I. Whereas wild-type TGN38 interacts with neurabin-II (Fig. 1,  B3) , mutation of serine 331 to alanine abolishes this interaction (Fig. 1, D3) . Mutation of tyrosine 333 to alanine or removal of the last four amino acids of TGN38 has no effect on this interaction (Fig. 1, C3 and E3) . Similarly we detect no binding of neurabin-II to any of the other receptor cytosolic domains tested (Fig. 1, row 4) . Since TGN38 is ubiquitously expressed (4), it is of great significance that an interaction with neurabin-II is detected as this is also expressed in all tissues examined (32, 33) .
In Vitro Protein Interaction Assays-To confirm that the interaction between TGN38 and neurabin is direct, we generated recombinant fusion proteins incorporating the cytosolic domain of TGN38 as a glutathione S-transferase (GST) fusion and the coiled coil domain of neurabins-I and -II as hexahistidine-tagged fusions. We reasoned from the two-hybrid data that the coiled coil domains of the neurabins were the most likely to interact with TGN38. Surface plasmon resonance experiments were performed to measure the interactions in real time. Fig. 3A shows the results of an experiment in which the neurabin-I fusion was immobilized onto a charged Ni 2ϩ -NTA biosensor chip (0 -60 s) followed by direct injection of either purified GST (gray circles) or a GST-TGN38 fusion (black circles). The data show that a robust binding of the GST-TGN38 fusion is detected with no detectable binding of GST alone. These data confirm the interaction between TGN38 and neurabin-I identified from the two-hybrid screen. As with our two-hybrid data, we went on to measure binding of the coiled coil domain of neurabin-II to the cytosolic domain of TGN38. In this experiment, represented in Fig. 3B , we immobilized a GST-TGN38 fusion to the biosensor chip surface and flowed purified fusions of either neurabin-I (gray circles) or neurabin-II (black circles) coiled coil regions (amino acids 719 -
FIG. 1. Two-hybrid analysis of TGN38-neurabin interactions.
Panels from left to right show transformants grown in the presence of histidine, transformants grown in the absence of histidine, and filter ␤-galactosidase (beta-gal) assays, respectively. Colonies represent cotransformants with neurabin-I (rows 1 and 2) or neurabin-II (rows 3 and 4) and the following bait plasmids: A1 and A3, pLexA-Lamin (negative control); B1 and B3, pBTM-TGN38 (WT); C1 and C3, pBTM-TGN38 (Y333A); D1 and D3, pBTM-TGN38 (S331A); E1 and E3, pBTM-TGN38 (⌬NLKL); A2 and A4, pBTM-CD63; B2 and B4, pBTM-lgp120; C2 and C4, pBTM-trkB; D2 and D4, pBTM-pIgR; E2 and E4, pBTM-SIV Env. Positive signals are seen for each of neurabin-I and neurabin-II with pBTM-TGN38 (wild type, B1 and B3), pBTM-TGN38 (Y333A, C1 and C3), and pBTM-TGN38 (⌬NLKL, E1 and E3) only.
FIG. 2. Schematic representation of neurabin-I and neurabin-II and their interactions with TGN38
, protein phosphatase I, and putative SH3 domain, and D2 dopamine receptorbinding sites. ABD, actin binding domain; black boxes represent coiled coil regions. Note that TGN38 preferentially binds to the dimeric form of neurabin-I in vitro (Fig. 4) . reciprocal of the previous experiment). As is evident from Fig.  3B , we detect almost identical binding of these fusions to TGN38, whereas we detect no binding to negative control surfaces (coated with GST alone, data not shown). As a further control experiment, we attempted to measure binding of tropomyosin to the GST-TGN38 fusion. Tropomyosin contains significant regions of predicted coiled coil structure (34) similar to those of neurabin-I and -II used in these experiments. The recent identification of tropomyosin isoforms on Golgi membranes (35) makes this a particularly suitable negative control for these TGN38 interaction assays. However, we detected no interaction of TGN38 with tropomyosin by surface plasmon resonance (not shown). We were also able to confirm the specificity of these interactions by generating fusion proteins in which the tyrosine 333 or serine 331 residues of TGN38 were mutated to alanine. As for our two-hybrid analysis, the mutation S331A abolished binding while mutation Y333A had no effect (not shown).
To analyze further the interaction between our recombinant fragments of neurabin and TGN38, we performed far Western blotting. Soluble neurabin-I coiled coil domain was separated by SDS-PAGE and blotted onto nitrocellulose. The soluble fraction obtained on expression of the coiled coil domain fragment of neurabin-I in E. coli is clearly resolved as monomeric, dimeric, and trimeric forms. This is consistent with the known capacity of coiled coil proteins to oligomerize. Following incubation with Trx-TGN38 cytosolic domain (12), the blot was developed using antibodies against the Trx fusion tag. The results of this analysis are shown in Fig. 4 . Ponceau S staining of the membrane (Fig. 4, lane 2) shows that the predominant forms of the neurabin-I coiled coil domain expressed in this manner are dimeric and trimeric (monomeric neurabin-I is not visible by Ponceau S staining but migrates as shown by the arrow on the right of Fig. 4 ). Far Western blotting of these lanes shows that recombinant Trx-TGN38 cytosolic domain preferentially binds to the dimeric form of the neurabin-I coiled coil domain (Fig. 4, lane 4) . It is of note that this is likely to be the naturally occurring form of the protein (30) . No binding of Trx alone is seen (Fig. 4, lane 3) .
Generation of Stable GFP-Neurabin-I and GFP-Neurabin-II PC12 Cell Lines-In order to study the interaction of TGN38
with neurabin in vivo, we chose to use the rat pheochromocytoma cell line, PC12, which can be differentiated to a neuronlike morphology upon stimulation with nerve growth factor (24) . Neurabin-I is exclusively expressed in brain (30) , whereas neurabin-II is highly enriched in neuronal tissue (32, 33) . Unfortunately, we were limited in this approach by a lack of specific antibodies to neurabin-I and -II, meaning we were unable to detect endogenous protein. Consequently, we stably transfected PC12 cells with GFP fusion constructs of neurabin-I or neurabin-II. To confirm that the GFP-tagged proteins were correctly localized, we performed confocal microscopy to examine the intracellular localization of these fusion proteins. These data (Fig. 5) show that both GFPneurabin-I and GFP-neurabin-II localize to the actin cytoskeleton, partially but not completely overlapping with phalloidin staining (compare A with AЈ and D with DЈ). This is particularly apparent in areas of intense phalloidin staining at the periphery of the cell (such as neurite tips and other membrane projections). It is of note that the two patterns of fluorescence do not totally overlap and that actin labeling (as adjudged by phalloidin staining) is slightly more membrane proximal to neurabin localization. This is evident for both neurabin-I and neurabin-II. This may be a reflection of the currently undefined in vivo function of the neurabins.
We subsequently used confocal fluorescence microscopy to localize neurabin and TGN38 in the transfected PC12 cells. Neurabin-I and neurabin-II were localized by virtue of GFP fluorescence along with either TGN38 or mannosidase II (each visualized with specific antibodies). As is evident from Fig. 5 (panels B and BЈ and E and EЈ), there is no significant colocalization between the steady state distributions of TGN38 and either GFP-neurabin-I or GFP-neurabin-II. We could also not detect any gross changes in morphology or intracellular location of TGN38 immunoreactivity in the GFP-neurabin-trans- FIG. 3 . Surface plasmon resonance analysis of TGN38 neurabin interactions. A, a sensor chip was loaded with (His) 6 neurabin-I coiled coil fusion protein (0 -120 s, marked with arrow 1 on panel A) after which either GST (gray circles) or GST-TGN38 (black circles) was flowed over the surface (300 -600 s, arrow 2). Arrow 3 marks the start of the dissociation phase. B, recombinant fusions containing coiled coil domains of either neurabin-I (gray circles) or neurabin-II (black circles) were flowed over a sensor chip preloaded with GST-TGN38 bound to a covalently immobilized anti-GST antibody. Binding is monitored between 60 and 150 s (arrows 1 and 2) . In both panels, binding is measured as an increase in resonance units on the y axis. fected cells. In addition, upon investigation of the localization of mannosidase-II (a resident enzyme of the cis-, medial-Golgi cisternae (27, 28)), we observed no difference in mannosidase-II immunoreactivity compared with untransfected cells (Fig. 5, C  and CЈ and F and FЈ) . This further suggests that Golgi morphology is not compromised in these cells. It should be noted that those TGN38 molecules en route to or from the cell surface (see Ref. 36) are not detectable by immunofluorescence analysis using available antibodies (see "Discussion").
Coimmunoprecipitation Analyses-Generation of these stable cell lines also enabled us to perform coimmunoprecipitation analysis using antibodies to TGN38 and GFP. Fig. 6 shows the results of such an experiment. Cells were lysed in the presence of latrunculin B (in order to depolymerize the actin cytoskeleton) and TGN38-immunoprecipitated. These immunoisolated samples were then separated by SDS-PAGE and blotted onto nitrocellulose membrane. Blots were developed with an anti-GFP polyclonal antibody to detect specifically immunoprecipitated neurabin fusion proteins. As is shown in Fig. 6 , this protocol led to the detection of GFP-neurabin-I. Proteins of molecular masses between 120 and 160 kDa were visualized (Fig. 6, lane 2) . Multiple bands were consistently visualized suggesting that GFP-neurabin-I is readily degraded in these cells. The anti-GFP polyclonal antibody failed to detect anything by immunoblot when irrelevant polyclonal antibodies (preimmune rabbit serum) were used in the immunoprecipitation step of this procedure (Fig. 6, lane 1) confirming the specificity of interaction of neurabin with TGN38. Furthermore, we were able to inhibit the TGN38-neurabin interaction in a concentration-dependent manner by including a TGN38 cytosolic domain fusion protein in the immunoprecipitation assays (Fig.  6, lanes 3 and 4 and data not shown) . Identical results were obtained using lysates from cells expressing GFP-neurabin-II (not shown) and in experiments using monoclonal anti-GFP antibodies or polyclonal anti-neurabin-II antibody in the immunoblotting step (data not shown). Furthermore, using anti-GFP antibodies, we have been able to specifically immunoprecipitate TGN38 from GFP-neurabin-I and GFP-neurabin-II PC12 cell lysates.
DISCUSSION
The actin cytoskeleton is responsible for many central functions of eukaryotic cells from the maintenance and regulation of cell shape to cell motility and intracellular transport. It mediates several essential roles during mitosis (37); together with adhesion molecules, it regulates cell-cell and cell-substrate interactions (38, 39) and participates in transmembrane signaling (40) , endocytosis (41, 42) , and secretion (43) . Actin filament integrity has been shown to be required for the normal positioning and morphology of the Golgi complex (44) . Myosin family motor proteins regulate vesicle budding and traffic from the Golgi (45) (46) (47) (48) , and recent data also implicate the actinbinding proteins tropomyosin 5 and centractin in Golgi function (35) .
We have identified the F-actin binding protein neurabin as a direct link between the integral membrane protein TGN38 and actin filaments. We have shown that these proteins interact in two-hybrid assays, in vitro and in vivo. In our two-hybrid screen we identified a partial clone of neurabin-I as a TGN38-interacting protein. This 1821-base pair clone lacks the aminoterminal actin binding domain of neurabin but includes the entire predicted PDZ domain as well as the carboxyl-terminal coiled coil regions (30) . Interaction between the TGN38 cytosolic domain and full-length neurabin is barely detectable in these assays. This can be explained in a number of ways. First, the presence of the actin binding domain may result in sequestration of the two-hybrid fusion protein to actin filaments in the yeast cells used for these assays, thereby precluding transport to the nucleus. Alternatively, it is possible that incorporation of the actin binding domain generates a fusion protein in which, owing to the extended coiled coil structure of neurabin, the amino-terminal trans-activating domain is at such a distance from the TGN38 binding region as to preclude reconstitution of an active transcription factor. It should be noted that the length of neurabin-I clones isolated is consistent with the average insert size of the library (1.2 kilobase pairs). We further demonstrated in our two-hybrid system that TGN38 is capable of interacting with neurabin-II, the ubiquitously expressed isoform of neurabin. This is of particular relevance since the expression pattern of neurabin-II reflects that of TGN38.
We have been unable to demonstrate colocalization of TGN38 with neurabin-I or -II at the level of light microscopy, but it should be noted that we are only able to visualize a subset of TGN38 in these cells, namely that which is localized to the TGN. TGN38 is a highly dynamic protein within the cell, rapidly cycling between the TGN and plasma membrane via endosomal intermediates (reviewed in Ref. 36 ). It will be interesting to determine the way in which interaction with neurabin modulates the known intracellular trafficking itinerary of TGN38. There are a number of possibilities for the role of the interaction between TGN38 and neurabin given the evidence for roles of the actin cytoskeleton in budding from the TGN (53), endocytosis (41, 42) , and recycling from endocytic compartments to the plasma membrane (41, 42) . It is possible that neurabin acts in competition with the AP2 endocytic adaptor complex (with which TGN38 also interacts, Ref. 12) to provide (lanes 2, 3, and 4) . Interaction was competed by addition of Trx-TGN38 fusion protein to the immunoprecipitation reactions at a final concentration of 30 (lane 3) or 100 M (lane 4). After washing, immune complexes were separated on 6% polyacrylamide gels, blotted to nitrocellulose, and probed with a polyclonal anti-GFP antibody. Positions of molecular mass standards (kDa) are shown.
an intricate regulation of intracellular versus plasma membrane-localized TGN38.
From our analysis of TGN38 mutant constructs, we have determined that interaction with neurabin is entirely dependent on the serine residue that lies within the known intracellular sorting motif of TGN38, SDYQRL. Mutation of this serine residue to alanine or aspartate (both of which abolish the interaction with neurabins-I and -II) significantly alters the intracellular trafficking of TGN38, leading to a decreased efficiency of sorting back to the TGN from endosomal compartments and concomitant increase in lysosomal degradation of the protein (25) . We are currently attempting to address whether these observed trafficking defects of S331A TGN38 are due directly to a lack of interaction with neurabin.
We have so far not found any alterations in either steady state localization or endocytosis from the plasma membrane of TGN38 upon overexpression of neurabin-I or neurabin-II. It remains possible that neurabin directly facilitates trafficking of TGN38-containing membranes through further interactions with motor proteins, presumably belonging to the myosin superfamily. Indeed, we have data showing highly dynamic movement of GFP-neurabin-II in cultured PC12 cells supporting this possibility. 3 Interestingly, the PDZ domain containing protein, TACIP18, has recently been shown, through a direct interaction, to mediate the targeting of pro-transforming growth factor-␣ to the cell surface (54) .
Neurabin-I provides a direct link between the actin cytoskeleton and the 70-kDa isoform of S6 kinase (p70 S6k , (55)) thereby modulating p70
S6k activity. Immunoisolated p70 S6k is not capable of phosphorylating the cytosolic domain of TGN38 in vitro. 4 The consensus motif for protein phosphatase 1 binding in neurabin-II (32) is also present in neurabin-I. There are also two potential tyrosine phosphorylation sites in both neurabin-I and -II which lie within the coiled coil regions, whereas two further potential tyrosine phosphorylation sites lie within a region adjacent to the PDZ domain of the neurabins. It is tempting to speculate that phosphorylation events may regulate binding of proteins such as p70
S6k (55) and TGN38 to the neurabins. The potential for tyrosine (56) and/or serine (57) phosphorylation of TGN38 itself also provides a further level of potential regulation of these interactions.
Both neurabin-I and neurabin-II (30, 32, 33) , like ABP-280 (20) , are capable of cross-linking actin filaments. Thus, these proteins may represent a general mechanism for directly linking membranes to the actin cytoskeleton through direct interaction of actin-binding proteins with intracellular membranes. It is possible that when bound to neurabin, TGN38 will be immobilized to the actin cytoskeleton as is thought to occur on interaction of furin with ABP-280 (20) . Diverse membrane proteins such as the ␤ 2 integrin, CD18, the prohormone processing enzyme, furin, the high affinity immunoglobulin receptor, Fc␥RI, and the von Willebrand factor receptor complex all bind directly to ABP-280 (58 -60) . Interestingly, the steady state localizations of ABP280 (58) and furin (61) do not significantly overlap despite convincing demonstration of a physiologically relevant interaction between these two proteins (20) .
Recent data showing a direct interaction between the third cytosolic loop of the D2 dopamine receptor and neurabin-II (spinophilin, see Ref. 62) are also of particular relevance given our findings. This interaction was found to be specific to neurabin-II and was not seen with neurabin-I. This suggests that neurabin-I and -II may have distinct as well as overlapping roles within eukaryotic cells. The presence of a sterile alpha motif domain in neurabin-I but not neurabin-II further emphasizes this point. The site of interaction of the D2 dopamine receptor with neurabin-II was identified between the actin binding and PDZ domains of neurabin-II (62), distinct from the TGN38-binding site (which we have mapped to the coiled coil region of neurabin-I and -II). This is entirely consistent with a possible role of neurabin as a molecular scaffold, providing a direct link between membranes and the actin cytoskeleton through direct, and potentially simultaneous, interactions with a number of transmembrane receptors.
